Allelopathic effects in plants are due to a combination of many adaptive and environmental factors having evolutionary and economic importance. Currently the investigations on the effects of allelopathic substances on seed germination in order to develop new environmentally friendly approach to plant protection against weeds are in progress. The main goal of our experiments was to examine the peculiarities of the seed dormancy induced under the influence of an extract from seeds of dill (Anethum graveolens L.) variety Kentavr and specific overcoming of the dormancy in various vegetable crops -carrot (Daucus carrota L.) variety Rogneda, root parsley (Petroselinum crispum (Mill.) Nyman ex A.W. Hill.) variety Lyubasha, celery root (Apium graveolens L.) variety Kupidon, lavage (Levisticum officinale W.D.J. Koch) variety Don Zhuan, coriander (Coriandrum sativum L.) variety Yantar', and parsnip (Pastinaca sativa L.) variety Kulinar. The seeds of tested crops were treated with 15 % aqueous extract from dill seeds at 23 C for 0 (control), 5 and 20 days in the dark. A germination of the treated seed germination was studied in dynamics at different temperature conditions -20 C (control); 3 C; and 3 C (8 hours)/20 C (16 hours). We calculated T ip (initial period, i.e. the time prior to seed germination starts), T wagt (the weighted average germination period, i.e. the time to reach maximum germination rate) and T 50 (the time to reach 50 % germination), measured the embryo length and calculated the temperature coefficient (Q10). It was shown the extract noticeably inhibited the embryo growth and seed germination in the studied crops. After exposure to allelopathic factors for 5 days the seeds of carrots, celery root, parsnip and coriander did not germinate at a standard temperature. The T wagt values exceeded the control by 229-328 %, and the T 50 values were 310-379 % higher. In dill, parsley root and lovage the germinated seeds accounted for 42, 52 and 23 %, respectively. After a 20 day exposure to the allelopathic factor the seeds of celery root, carrots, parsnip and coriander did not germinate whereas in dill and lovage seeds germination delayed by 21 and 22 days. Increasing exposure time resulted in a reduced temperature coefficient (Q 10 ) for embryo growth at different temperatures. Low temperature including constant 3 C and variable (3/20 C) contributed to a partial recovery of these processes in the seeds pre-exposed to allelopathic factor. In this, the T wagt and T 50 increased by 11.7-35.3 days and 11.7-43.1 days, respectively, compared to control. Analysis of a combined effect of the allelopathic factor and temperature evidenced that the inhibition of seed germination influenced by the substances contained in the extract of dill seeds is due to the dormancy phenomenon.
Allelopathy, based on the chemical interaction, is one of the oldest communications between biological objects, different organs, tissues and cells. Allelopathic interference of plants is caused by a combination of numerous permanent and transient biogenic factors [1] , and has an adaptive, ecological, evolutionary and economic importance [2, 3] . Current studies show that allelopathy may be a part of a network of chemical communication [4] , and perform a variety of functions, including protective ones [5, 6] . Both stimulatory and inhibitory effects of extracts from fruits, seeds and other plant organs have been established [7] .
There are numerous reports on the effect of various substances on seed germination [8, 9] . A study of allelopathic agents will allow to develop novel eco-friendly methods for weed control ( [10, 11] . For example, an extract from seeds of Myrica gale L. exhibits an inhibitory effect, and a substance called Myrigalone A affects the gibberellin biosynthesis and signaling systems of germinating seeds [12, 13] . Metabolites interrupt the germination of seeds and have a negative effect on growth, respiration and protein synthesis [14, 15] .
A group of substances (strigolactones) discovered in the root exudates is capable of stimulating germination of parasitic weed species, such as Orobanche and Striga. These substances are considered a new class of hormones [16, 17] that affect the balance of abscisic acid and gibberellin which are responsible for seed dormancy [18] .
In our previous studies, we described the effect of a 15 % extract of dill seeds on the dormancy induction in tester seeds of mustard greens and Japanese mustard (Mizuna) [19] .
In this paper, for the first time we demonstrated that the effect of the dill seed extract led to a delay (up to complete inhibition) in the germination of seeds of vegetable crops in the Umbelliferae family. The induced dormancy is maintained for a long time even after seeds are transferred into standard conditions, however, it does not cause their death.
The aim of our study was to examine the peculiarities of seed dormancy induced by an extract from dill seeds, and the overcoming of the dormancy state in the Umbelliferae vegetable family
Techniques. We studied the seeds of dill (Anethum graveolens L. To prepare an aqueous extract, 15 g of dill seeds were pounded in a mortar with pestle, followed by addition of distilled water (100 ml), then infused for 1 h, and then filtered through a paper filter. The seeds of the tested cultures were incubated in the extract at 23 С in Petri dishes on filter paper with no exposure to light for 0 (control), 5 and 20 days. We repeated the experiment 3 times (using 1,000 seeds per each replication). After incubation the seeds were washed in water and germinated on filter paper with no exposure to light.
Seed germination was studied at 20 С (standard mode), 3 С, and 3 C (8 h)/20 C (16 h) temperature conditions. The following parameters were calculated: T ip -the time from seed layout up to the germination; T wagt -the weighted average germination period which can be considered as the number of days until the maximum germination rate [20, 21] ; T 50 -the time to reach the germination of 50 % seeds [22] [23] [24] , as well as the proportion of germinated seeds. The completion of seed germination was evaluated by their protrusion [25] . We repeated the experiment 3 times (using 100 seeds per each replication).
The length of the embryo was measured under a Levenhuk 670T (Levenhuk, USA) microscope equipped with the digital microscope eyepiece camera DCM 300 MD (Microscope Digital, China), at ½40, using the Scope Photo software (Image Software v. 3.1.386). The temperature coefficient (Q 10 ) of the embryo growth rate was calculated using the Van 't Hoff equation.
Statistical analysis was performed using the programming language R (i386 v.3.3.0).
Results. Within 20 days of incubation, the seeds of all studied crops did not germinate in the dill seed extract (15 %). In carrots and root parsley, after 18-20 day exposition, autolysis of a part of the seeds (20-40 %) occurred. The morphometric analysis showed no growth of the embryo.
After being incubated for 5 days and then transferred to standard conditions (20 С), the seeds of celery, parsnip, carrots and coriander did not germinate. The growth processes in the seeds of all the remaining crops gradually resumed, however, all parameters, characterizing the intensity of the growth processes, were higher in them than in control plants, indicating a slowdown in seed germination. Accordingly, T ip in dill, root parsley and lovage was 15-17 days which was 10-14 days longer than in control. The T wagt value exceeded control by 229-328 % and the T 50 value by 310-379 %. Seeds of carrots, root parsley and parsnip did not germinate at 3 C (see Table) .
Low temperature (3 C) promoted (albeit with a delay) the germination of seeds of dill, lovage, celery and coriander. Seeds which suffered from the effects of the allelopathic factor for 5 days needed more time to germinate at a reduced temperature (3 C). There was an increase by 11.7-35.3 days for T wagt and by 11.7-43.1 days for T 50 , as compared to control, and by 9.8 and 2.8 days, respectively, when compared to standard conditions. The difference between T wagt and T 50 values increased concurrently up to 5.8 to 9.2 days. Variable temperature profile had a positive effect as compared to the standard mode, promoting the germination of all the studied crops. It reduced the negative effect of allelopathic factors. However, the T wagt and T 50 values, affected by the 5-day incubation, increased by329-429 % and 372-492 %, respectively, as compared to the control.
After suffering exposure to the allelopathic factor for 20 days, the seeds germinated even more slowly. At a temperature of 20 C, the seeds of celery, carrot, parsnip and coriander did not germinate. The germination of seeds of dill and lovage started with a delay by 21 and 22 days compared to control. T wagt increased up to 37.5 and 29.5 days, and T 50 up to 45.3 and 60.5 days, which were, respectively, 20.4-29.6 and 36.3-48.6 days higher than in the control.
Seeds of dill and lovage germinated less actively at 3 C (after incubation for 20 days) when compared to the standard conditions. The seeds of celery and coriander still began to germinate, although with a considerable delay (55 and 58 days), however, the T wagt value was 68.2 and 71.9 days, respectively, and T 50 reached 70.0 and 95.0 days. The seeds of parsnip and carrot were the only ones not germinated.
Under variable temperatures, seeds of all crops, exposed to the allelopathic factor for 20 days, germinated, however, the T wagt and T 50 values increased 4.0-4.2 times as compared to control. When seeds were germinated post incubation at the constant positive temperature, the embryo growth rate steadily decreased with increasing stress period (Fig. 1) . In control, the embryo in the seeds of dill, carrot, root parsley grew at a rate of 0.14-0.16 mm/day. After 5 days of incubation, the embryo growth rate reduced to 0.01-0.05 mm/day, and after 20 days down to 0.02 mm/day. The coriander embryo, which grew in the control at a rate of 0.15 mm/day, virtually ceased to grow with increasing incubation time.
One of the key endogenous factors affecting seed germination in crops of the Umbelliferae family is a morphological immaturity of the embryo [26, 27] . The immaturity occurs irrespective of time the seeds maturates on the mother plant. After seed separation, the full development of the embryo completes under adequate moisture and favorable temperatures [28] . This underlies special requirements when dealing with the seeds of the Umbelliferae family plants. To evaluate any changes occurring during their germination, it is insufficient to determine their dimensions and dry weight. Only the analysis of the continuous growth of seed morphological elements, primarily of the embryo, may reveal significant patterns. In celery and parsnip, the growth rate of the embryo was 0.05 and 0.06 mm/day in the control, while after even 5 day-exposure to the extract it decreased sharply down to 0.0007 mm/day. At 3 C, the average rate of the post incubation embryo growth in all the crops (except for parsley) was 30 to 60 % higher than under the standard temperature conditions. However, the growth rate of the embryo linear size remained lower by 43-93 % as compared to control.
Under variable temperature conditions, an increase in the embryo growth rate by 20-92 % was observed in all crops as compared to the standard conditions, and only in carrot, coriander and parsley (by 11-96 %) if compared to the constantly low temperature. However, it was impossible to completely overcome the negative effects of allelopathic stress with the variable temperature. The growth rate of the embryo was 300-330 % lower than in control.
The temperature is known to be one of the most important abiotic factors that ensure exiting dormancy [29] [30] [31] . Exposure to low temperature activates the mechanisms promoting the onset of the gibberellin synthesis [32] . At low temperatures, the breakdown of storage compounds in the endosperm is activated and the synthesis in the embryo is stimulated in immature seeds, which are typical for the Umbelliferae vegetable family [33] .
The inhibition of germination under the influence of the extract of dill seeds, which was observed in our experiments, appeared to result from the induced dormancy.
The proportion of germinated seeds for different crops varied depending on a combination of the studied factors. After exposure to the allelopathic agent for 5 days, no germinated seeds were observed at the standard temperatures in the carrots, celery, parsnip and coriander. The proportion in dill, root parsley and lovage was 42, 52 and 23 %, which was lower, respectively, by 32, 17 and 39 % than in control (see Fig. 1 ).
At low temperatures (3 C), the germination of seeds, in addition to dill, celery and lovage, was observed in coriander, and at varying temperatures the seeds of all the studied crops did germinate. With increasing time of incubation, the proportion of germinated seeds was usually reduced by 12-100 %, which was especially noticeable in celery, lovage and coriander.
The increased time of seed incubation in the extract resulted in a reduced temperature coefficient (Q 10 ) for the embryo growth rate at different temperature settings for germination (Fig. 2) .
Correlation and regression analyses showed that the temperature coefficient was strongly negatively correlated with the incubation time (r = 0,700) which can be described using the following regression equation y = 1.37  0.04x. Dill was characterized by gradual reduction of the temperature coeffi-cient when the time of stress exposure was increased: Q 10 was 1.37 in the control and gradually decreased to 0.81 after exposure to high temperatures within 5 and 20 days. In root parsley and carrots, an increase in Q 10 occurred (1.63-1.51 in control, and 1.72-2.03 when affected by incubation), although further influence of the allelopathic stress resulted in a decrease of the temperature coefficient. In celery, coriander and parsnip, a prolonged stress resulted in drastically reduced temperature coefficient. The temperature coefficient for the embryo growth rate was least affected by the incubation time in lovage, although some reduction of the Q 10 value was observed. Therefore, we have established the apparent manifestation of allelopathic activity of the dill seed extract which may have a significant effect on seed germination of the Umbelliferae family crops and changes of the embryo linear dimensions. Seed exposure to low temperature post incubation contributes to the restoration of these processes. Analysis of the effects caused by allelopathic factor and temperature evidenced that the inhibition of seed germination under the influence of dill seed extract was due to the dormancy phenomenon.
